Abstract: Uroporphyrinogen decarboxylase (UroD) (EC 4.1.1.37) is an enzyme from the tetrapyrrole biosynthetic pathway, in which chlorophyll is the main final product in algae. This is the first time that a study on UroD activity has been performed in a green alga (Chlorella). We isolated and partially purified the enzyme from a Chlorella kessleri (Trebouxiophyceae, Chlorophyta) strain (Copahue, Neuquén, Argentina), and describe for the first time some of its properties. In C. kessleri, the decarboxylation of uroporphyrinogen III occurs in two stages, via 7 COOH and then 6 and 5 COOH intermediates, with the decarboxylation of the 7 COOH compound being the rate-limiting step for the reaction. Cultures in the exponential growth phase showed the highest specific activity values. The most suitable conditions to measure UroD activity in C. kessleri were as follows: 0.23-0.3 mg protein/mL, &6-8 mmol/L uroporphyrinogen III, and 20 min incubation time. Gel filtration chromatography and Western blot assays indicated that UroD from C. kessleri is a dimer of approximately 90 kDa formed by species of lower molecular mass, which conserves enzymatic activity.
Introduction
Porphyrins are tetrapyrrolic compounds that play an essential role in all living organisms. They are part of the structure of some pigments such as chlorophyll and hemeproteins. Porphyrins and their derivatives are also present in other biomolecules of vital importance (bilins such as phycobilins of Cyanophyta, Rhodophyta and Cryptophyta, phytochrome chromophore, cytochrome P-450, vitamin B 12 , siroheme, and factor F 430 of methanogenic bacteria) (Beale 1999; Martins et al. 2001; Vavilin and Vermaas 2002) .
The biosynthesis of tetrapyrroles is a highly conserved pathway. Its main final products in plants and algae are chlorophyll and protoheme (Grimm 1998; Beale 1999) . The common biosynthetic pathway for heme and chlorophyll diverges after protoporphyrin IX (Proto IX), where iron is inserted to form heme, and magnesium is inserted to form the first product of the chlorophyll branch (Fig. 1) .
Uroporphyrinogen decarboxylase (UroD) (EC 4.1.1.37) is located in the first branching point of the biosynthetic path-way. UroD catalyzes the removal of the four carboxyl groups of uroporphyrinogen III (Urogen III). This reaction occurs in a two-stage process (Fig. 1) . During the first stage, the rapid decarboxylation of Urogen III (8 COOH) yields a 7 COOH compound. During the second, the other 3 COOH groups are sequentially eliminated yielding coproporphyrinogen III (Coprogen III, 4 COOH) through the formation of 6 and 5 COOH porphyrinogen intermediates (Jackson et al. 1976 ; Koopmann et al. 1986 ).
UroD has been studied in humans and laboratory animals because of its relationship with porphyria development and its high sensitivity to drugs and xenobiotics (De Verneuil et al. 1983a; Kappas et al. 1995; Chaufan et al. 2001) . UroD has been purified from many species ranging from bacteria to humans, and a crystalline structure has been reported both in a human recombinant (Whitby et al. 1998 ) and in Nicotiana tabacum (Martins et al. 2001) . In most cases, it seems to be a monomeric enzyme with a molecular mass of ALA, aminolevulinate; PBG, porphobilinogen; HMB, hydroxymethylbilane; Urogen, uroporphyrinogen; Coprogen, coproporphyrinogen; Protogen, protoporphyrinogen; Prot, protoporphyrin; Pchlide, protochlorophyllide; Chlide, chlorophyllide; Chl, chlorophyll; BChl, bacteriochlorophyll. approximately 40 kDa. However, a dimeric structure was postulated in the case of chicken (Seki et al. 1986 ), humans (Whitby et al. 1998) , and Nicotiana tabacum (Martins et al. 2001) , suggesting that dimer formation would be a common property of the UroD protein family. In addition, a number of biochemical and structural studies propose the existence of a dimer-dependent catalysis (Martins et al. 2001) .
Species from the genus Chlorella are among the most widely distributed microalgae, and thus are found in phytoplankton from all kinds of environments. Moreover, some Chlorella strains have been used as a model to study the physiology of photosynthetic organisms and some stages of the cellular tetrapyrrole biosynthetic pathway. However, no specific research has been carried out on UroD from Chlorella or other Chlorophyta. So far, only some basic properties of partially purified UroD from Euglena gracilis (Euglenophyta) have been described (Juknat et al. 1989) .
In this study, we isolated and partially purified UroD from a Chlorella kessleri (Trebouxiophyceae, Chlorophyta) strain (Laguna Verde, Copahue, Neuquén, Argentina), determine for the first time the most suitable conditions to carry out enzymatic assays, and describe some of its basic properties.
Materials and methods

Culture preparation
Chlorella kessleri Fott & Novakóva (Trebouxiophyceae, Chlorophyta) axenic strain was isolated from Laguna Verde, Complejo Termal Copahue (Neuquén, Argentina) (Juárez and Vélez 1993) . Under the name of BAFC CA10, the strain was maintained in the culture collection of the Laboratory of Phycology, Department of Biodiversity and Experimental Biology, Facultad de Ciencias Exactas Exactas y Naturales, Universidad de Buenos Aires.
Batch cultures were grown in Bold's basal medium (pH 6-6.5) (Bischoff and Bold 1963) supplemented with glucose 0.1% (m/v). They were incubated with shaking at 210 r/min in an orbital shaker at 23 8C (±1 8C) under continuous white light (80 mmol photons/(m 2 Ás)). Biomass was determined measuring chlorophyll a content, dry mass, and cell counting in a Neubauer's chamber. Chlorophyll a content was calculated by spectrophotometric analyses of 90% (v/v) acetone extracts using the equation of Marker et al. (1980) . Cells were harvested by centrifugation at 5000g for 20 min, washed twice with 0.134 mol/L potassium phosphate buffer (pH 6) and resuspended in the minimum volume of the same buffer.
Enzyme extraction
All procedures were performed at 0-4 8C. Cells in the exponential or stationary phases were disrupted by sonication using a Cole Parmer CP600 4710 Ultrasonic Homogenizer TM . They were broken for over 160 s in 20 s periods, allowing an equal time for cooling in crushed ice to avoid heating and protein denaturalization. Disruption efficiency was checked using a light microscope and was found to be between 60% and 70%. Cellular debris and unbroken cells were removed by centrifugation at 11 000g for 20 min. The supernatant was supplemented with 1 mmol/L dithiothreitol as a thiol protecting agent and protease inhibitors (0.2 mmol/L benzamidine and 0.5 mmol/L phenylmethylsulfonyl fluoride), and then used as the enzyme crude extract.
Partial purification
All procedures were carried out at 0-4 8C in 0.005 mol/L potassium phosphate buffer (pH 6).
Salt fractionation
The enzyme crude extract from exponentially growing cells was subsequently fractionated by ammonium sulfate precipitation between 20% and 70%, 30% and 70%, and 40% and 70% saturation. Precipitated fractions were collected by centrifugation at 10 000g for 30 min, and the resulting pellets were stored at -20 8C until they were used. All fractions were redissolved in a minimum buffer volume, dialyzed overnight against the same buffer at 4 8C through a 10 000 Da cut-off dialysis tube, and assayed for UroD activity.
Gel filtration chromatography
The 30%-70% ammonium sulfate saturation fraction was suspended in buffer and was passed through a Superdex 75 column (1 cm Â 30 cm). The column was equilibrated and eluted with the same buffer at a flow rate of 0.5 mL/min. The column was calibrated with aprotinin (6.5 kDa), cytochrome c (12.4 kDa), carbonic anhydrase (29.9 kDa), and bovine serum albumin (67 kDa) as standards. Peak fractions were assayed for UroD activity.
UroD activity assay
The standard assay mixture in a 1 mL final volume contained the following (unless indicated): the enzyme preparation sample (0.23-0.3 mg protein/mL), 6-8 mmol/L Urogen III, 1 mmol/L reduced glutathione (GSH), and 0.1 mmol/L EDTA, in 0.067 mol/L potassium phosphate buffer (pH 6, unless indicated). Incubations were carried out in the dark under anaerobiosis with mechanical shaking at 37 8C for 20 min (unless indicated). The reaction was stopped by adding concentrated HCl to a final concentration of 5%. Reaction products were esterified and then separated and quantified by high performance liquid chromatography (Billi de Catabbi et al. 1991 ) using a Waters Associates liquid chromatograph (Waters, Milford, Massachusetts) with an absorbance detector at 405 nm and a mPorasil column (30 cm Â 0.4 cm). Ethyl acetate -n-heptane (1:1, v/v) was used as the solvent system at a flow rate of 1.5 mL/min and 700 psi. Porphyrin methyl esters were quantified using coefficients determined by Billi de Catabbi et al. (1991) .
Experiments were repeated at least three times in duplicate, and controls were performed in each case. Results are expressed as the mean ± standard deviation.
UroD activity is expressed as nanomoles of Urogen III (first stage) decarboxylated per milligram of protein per hour or as nanomoles of Coprogen III (second stage) produced per milligram of protein per hour.
Protein concentration was determined by the method of Bradford (1976) using bovine serum albumin as the standard.
UroD activity according to culture growth phase
This assay was performed as described above using the enzyme crude extract from cells of the same culture harvested 5, 15, and 25 days after inoculation.
Effect of assay conditions on UroD activity
Preliminary studies were performed to find out the most suitable conditions for measuring UroD activity by using the 30%-70% ammonium sulphate saturation fraction as the enzyme source. Enzyme activity was studied as a function of protein concentration (0-1 mg/mL), substrate concentration (0-8 mmol/L), temperature (0-65 8C), pH (5.5-7.2), and incubation time (0-30 min).
Polyacrylamide gel electrophoresis
Sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a slab gel (7 cm Â 8 cm Â 0.75 mm) using 4% polyacrylamide for the stacking gel (0.1% SDS) and 10% polyacrylamide for the running gel (0.12% SDS). Electrophoresis was performed according to the manufacturer's instructions (Bio-Rad, Hercules, California), passing the sample through the concentrator and separator gels at 80 and 100 V, respectively. Proteins were developed with 0.4% (m/v) Coomassie Brilliant Blue R-250 stain (Sigma-Aldrich, St. Louis, Missouri) in a mixture of methanol -acetic acid -water (30:10:60, by volume). Molecular masses were calculated using the calibration curve obtained with proteins from the BenchMark prestained protein ladder kit (Invitrogen, Carlsbad, California).
Western blot
The crude extract, and the 30%-70% and 40%-70% ammonium sulfate saturation precipitates (previously dialyzed), were subjected to SDS-PAGE, as described above. Protein bands were transferred electrophoretically to nitrocellulose membranes using a Bio-Rad Trans-Blot 1 semi-dry transfer cell. Transfers were performed at room temperature in Tris-glycine buffer (pH 9.2) for 1 h at 15 V (0.8 mA/cm). Nitrocellulose sheets were blocked with 5% (m/v) powdered skimmed milk in 100 mmol/L phosphate buffered saline -Tween buffer (pH 7.5) overnight at 4 8C. The specific antigen was detected incubating nitrocellulose membranes with UroD antiserum (a generous gift from Dr. Gabriela Chaufan) and rabbit Extr Avidin 1 peroxidase staining kit (Sigma-Aldrich), according to the manufacturer's instructions. All controls were performed.
Results
Pattern of reaction intermediate products
In C. kessleri, Urogen III decarboxylation proceeded via the formation of 7, 6 and 5 COOH porphyrinogen intermediates, with the 7 COOH intermediate being prevalent (Fig. 2) . Figure 2 inset shows the results obtained when the reaction was stopped at t = 0.
UroD activity according to culture growth phase
Phases in alga development were based on cell number (Table 1 ) and dry mass (Table 1) . UroD activity reached a peak in 5-day-old cultures, which corresponded to the exponential growth phase (Table 1 , far right-hand). At higher times, corresponding to the late exponential (15 days) and stationary phases (25 days), UroD activity fell abruptly. The determination of chlorophyll content (micrograms of chlorophyll a per cell) showed a parallel trend to UroD activity (Table 1) . Partial purification and molecular mass estimation Table 2 summarizes the results of partial purification and storage stability of UroD from C. kessleri. First stage specific activity increased 1.64-and 1.9-fold with a total recovery of 48% and 13% in 30%-70% and 40%-70% ammonium sulfate saturation fractions, respectively. Second stage specific activity increased 1.72-and 2.00-fold with a total recovery of 50% and 14% in 30%-70% and 40%-70% ammonium sulfate saturation fractions, respectively. The 20%-70% ammonium sulfate saturation range was also assayed (data not shown), but it exhibited a purification grade lower than 1 with a 46% recovery, and co-precipitated chlorophyll interfered in the determination of coproporphyrin (final product in Urogen decarboxylation). Conversely, chlorophyll was absent in 30%-70% and 40%-70% ammonium sulfate saturation fractions, since it had been eliminated in 0%-30% and 0%-40% ammonium sulfate precipitates, respectively. Superdex 75 gel filtration yielded a 14-fold purified enzyme with 43% total recovery ( Table 2) . Gel filtration showed an active peak with an apparent molecular mass of 90 ± 4 kDa (I, Fig. 3 ) and a first shoulder of 61 ± 4 kDa (II, Fig. 3) . Likewise, species of lower molecular masses (46 ± 4 to 26 ± 4 kDa) showing enzyme activity were also eluted (III-V, Fig. 3 ).
The analysis of the storage stability of precipitated fractions showed that UroD activity in 30%-70% ammonium sulfate saturation fraction remained constant for 2 weeks at -20 8C, whereas it decreased 50% after 8 weeks of storage (Table 2) . Under the same conditions, nonprecipitated enzymatic extract lost 36% activity after 2 weeks (data not shown).
Effect of assay conditions on UroD activity
Saturation and protein concentration assays were performed to find out the most suitable substrate and enzyme ratio to determine UroD activity. The curve of specific activity vs substrate concentration reached a plateau at 6-8 mmol/L Urogen (Fig. 4) . Studies on UroD activity vs protein concentration (Fig. 5) showed that activity increased until about 0.23 mg protein/mL, slightly decreasing at higher protein concentrations. The most suitable conditions were 0.23-0.3 mg protein/mL and 6-8 mmol/L Urogen. Under these conditions, assays at different incubation times (0-30 min) showed that the velocity remained constant for 20 min and then began to decrease. Figure 6 shows percentages of final products vs incubation time. At 20 min, a high percentage of Urogen had been transformed, demonstrating the good resolution and sensitivity of the method. On the other hand, Urogen III total decarboxylation velocity started to decrease at higher incubation times. Hexacarboxyporphyrinogen and pentacarboxyporphyrinogen were detected at 10 min and they remained low and constant up to 30 min. Heptacarboxyporphyrinogen (7 COOH) increased up to 20 min. Coprogen III (4 COOH) increased at all the times assayed (Fig. 6) . On the basis of these data, we decided to use 20 min incubations. The effect of pH on enzyme activity is described in Fig. 7 . Results showed that UroD activity reached a maximum at pHs ranging from 6.0 to 6.5.
Assays carried out at different temperatures ranging from 0 to 65 8C showed that activity increased up to 45 8C, and sharply decreased at 65 8C (Fig. 8 ). Activation energy value (E a ), calculated with the Arrhenius equation, was 27.6 kJ/mol (Fig. 8, inset) .
K m value was calculated using Urogen III as substrate. Plots of velocity -1 vs Urogen III concentration were linear (data not shown). Based on these plots, K m value was 3.2 mmol/L.
Antigenic assay
Western blot assays using anti-rat UroD revealed that alga samples showed immunoreactivity against rat liver antiUroD polyclonal antibody obtained from rabbit. Assays were performed three times, and the results obtained are described in Fig. 9 . The enzyme crude extract exhibited a single band of approximately 92 ± 1 kDa. Partially purified UroD samples (30%-70% and 40%-70% ammonium sulfate saturation fractions) showed the same 92 ± 1 kDa band and another two bands of approximately 65 ± 2 kDa and 59 ± 2.5 kDa determined from the corresponding calibration curve (I, II, and III in Fig. 9 ).
Discussion
This is the first time that UroD activity has been studied in a green algae (Chlorella). The chromatographic profile of the reaction products is similar to that of UroD from other sources, such as rat liver (Ríos de Molina et al. 1987) , bacteria (Koopmann et al. 1986) , and Euglena gracilis (Juknat et al. 1989) . Moreover, this profile shows the prevalence of 7 COOH over 6 and 5 COOH intermediates, suggesting that 7 COOH porphyrinogen decarboxylation is the rate-limiting step in C. kessleri UroD reaction, as reported for rat and bovine liver (Straka and Kushner 1983; Ríos de Molina et al. 1987) , avian erythrocytes (García et al. 1973) , and bacteria (Koopmann et al. 1986 ): v 1 >> v 2 . On the other hand, the percentage evolution of porphyrins during incubation agrees with data reported by Koopmann et al. (1986) and Juknat et al. (1989) , who proposed that decarboxylation of Urogen III yielding 7 COOH porphyrinogen is not the ratelimiting step.
UroD, an enzyme from the chlorophyll biosynthetic pathway, showed the highest specific activity in the enzymatic extracts obtained from cells in the exponential stage of growth. Values of chlorophyll a content per cell also reached a maximum at this stage. These results agree with reports showing that the synthesis of these compounds in alga cells reaches a maximum during the stage of active growth and then decreases gradually with cell aging (Stewart 1974) , and they prove that UroD has a significant role in the control of chlorophyll synthesis.
Ammonium sulfate precipitation was used as the initial step of enzymatic isolation to allow us to concentrate the sample and store it for long periods without significant activity loss (Koopmann et al. 1986 ). The 20%-70% saturation range of ammonium sulfate was immediately discarded due to its low purification grade, low recovery, and chlorophyll contamination. In the other two samples assayed, UroD was purified about twofold compared with the initial enzyme crude extract, showing similar specific activity values. Both in 30%-70% and 40%-70% ammonium sulfate saturation ranges, the degree of purification and recovery were similar in the first and second stages. These results might suggest that a single enzyme catalyzes both Urogen III decarboxylation stages, as it happens in UroD from other organisms (Kawanishi et al. 1983; Koopmann et al. 1986; Martins et al. 2001 ). The purification level was slightly higher in the 40%-70% range than in the 30%-70% range (2-fold vs 1.7-fold), but the recovery was much higher in the latter (14% vs 50%). Therefore, we decided to use the 30%-70% range for enzymatic activity determinations, since it was not contaminated with chlorophyll, its recovery was higher, and it allowed us to obtain a more concentrated sample. On the other hand, the 30%-70% ammonium sulfate saturation precipitate kept 100% activity for 2 weeks and thus different assays could be carried out from a single culture. We decided not to use enzymatic samples with higher storage time, after we observed 50% activity loss in the 2 month storage sample assay.
Studies on substrate and protein concentration, time, pH, and temperature allowed us to establish the most suitable conditions for the determination of UroD activity in C. kessleri. These conditions are 0.23-0.3 mg protein/mL, 6-8 mmol/L Urogen III, a pH from 6.0 to 6.5, and a 20 min incubation time. Regarding the enzyme concentration effect, it can be noticed that the higher the concentration (more than 0.23 mg protein/mL), the lower the velocity. The decrease in UroD activity at high protein concentrations has been already reported in rat liver by Chaufan et al. (2001) , who proposed that this effect may be due to a decrease in the substrate/protein ratio, which was seen to affect enzyme activity. Another possible cause may be the formation of multimeric species (Kawanishi et al. 1983; Ríos de Molina et al. 1996) , which might produce steric hindrance preventing the entrance of substrate into the active site, thus reducing enzyme activity. Studies on specific activity according to substrate concentration showed that in the case of UroD from C. kessleri, a 6-8 mmol/L Urogen III concentration would be close to saturation values. Previous studies reported 12 mmol/L in Rhodobacter sphaeroides (Jones and Jordan 1993) , 20 mmol/L in Rhodopseudomonas palustris (Koopman et al. 1986) , and 6-14 mmol/L in rat liver (Ríos de Molina et al. 1987; Chaufan et al. 2001) . Results herein described for C. kessleri are within these ranges. However, the comparison between these values and the ones obtained in the only study performed with UroD from an algal source (Juknat et al. 1989) shows that the enzyme from C. kessleri would have lower affinity with Urogen III than the enzyme from Euglena gracilis, since its saturation occurs at a concentration 10 times higher (5 mmol/L in C. kessleri vs 0.5 mmol/L in E. gracilis). However, the V max measured in the homogenate supernatant was 16-fold higher (1.75 nmol Coprogen III/(mg proteinÁh) vs 0.11 nmol Coprogen III/(mg proteinÁh)), thus suggesting higher efficiency.
The effect of pH on UroD activity showed that optimum pH was between 6 and 6.5. These values are significantly lower than 7.2, the only value reported for algae (Juknat et al. 1989) , and slightly lower than 6.7-6.9, the optimum range reported for R. sphaeroides (Jones and Jordan 1993) , and 6.8, which was the value observed in R. palustris (Koopmann et al. 1986 ), chicken erythrocytes (Kawanishi et al. 1983) , yeast (Felix and Brouillet 1990) , rat liver (Chaufan et al. 2001) , and humans (De Verneuil et al. 1983b) . Nevertheless, the analysis of these data as a whole shows that optimum pH from very different systems are within a narrow range (6.6 ± 0.5), thus suggesting the existence of an analogous decarboxylation mechanism in all these systems.
K m value for UroD from C. kessleri (3.2 mmol/L) is 64-fold. higher than the value obtained by Juknat et al. (1989) in E. gracilis (0.05 mmol/L). This also indicates that C. kessleri UroD has lower affinity towards its substrate (Urogen III) than E. gracilis UroD. The activation energy value (27.6 kJ/mol) is related to the first stage of decarboxylation (8 COOH to 7 COOH). Even though there are only a few reports on this parameter, values are within the range calculated for C. kessleri: 40.0 kJ/mol for chicken erythrocytes (García et al. 1973 ), 8.3 and 10.8 kJ/mol for normal and porphyric rat liver, respectively (Chaufan et al. 2001) , and 51.5 kJ/mol for crab Chasmagnathus granulatus (Chaufan et al. 2002) . The second stage activation energy (E 2 ) was not determined because it could not be considered activation energy (García et al. 1973 ) since more than one elemental reaction is involved in the second stage of decarboxylation (7 COOH to 4 COOH).
The Superdex 75 column profile presents two peaks of UroD activity, suggesting the existence of two forms of this enzyme in C. kessleri. These forms have an apparent molecular mass of 90 ± 4 and 61 ± 4 kDa. These results are similar to those reported in a previous study carried out by our laboratory (Ríos de Molina et al. 1999) , in which different forms of the enzyme with molecular masses of 90, 45, and 30 kDa were observed in rat liver. Species with lower molecular mass showing UroD activity detected by gel filtration possibly correspond to degradation products that have not affect the active site. Since no data are available in the literature, some studies on this subject are currently in progress in our laboratory.
Immunodetection results shows that UroD from C. kessleri shares some antigenic determinants with rat liver UroD, since algal samples were revealed with anti-rat UroD antibody. UroD immunoreactivity with the antibody of such a different organism might be explained by the fact that UroD sequences from all organisms have 33% invariant or conservative substituted amino acid residues (Mock et al. 1995; Von Wettstein et al. 1995; Martins et al. 2001) . Since Western blot assays showed that in the fractions in which the signal of the higher molecular mass band increased, the signals of the two lower molecular mass bands decreased, and vice versa, we think that UroD from C. kessleri has the structure of a dimer. The percentage of SDS used in the SDS-PAGE analysis may not correspond to a completely denaturalizing condition, probably due to the existence of a high dimerization force in C. kessleri UroD, which allowed us to visualize both dimer and monomers. Elder et al. (1983) , using SDS-PAGE in purified UroD from human erythrocytes, also detected a prominent band at 39 kDa and minor components in the region with higher molecular mass (65-70 kDa). The molecular mass of C. kessleri UroD would be approximately 92 ± 1 kDa for the dimer and approximately 65 ± 2 kDa and 59 ± 2.5 kDa for the monomers. Since the enzyme crude extract only revealed the band of higher molecular mass, UroD from C. kessleri might be displaying the protein dimer under physiological conditions. The formation of a dimer would be one of the properties of this enzyme. However, whether the dimer in C. kessleri is the active unit in vivo or not remains to be verified by biochemical and structural analyses of protein-protein and protein-ligand complexes. On the other hand, we do not discard the possibility that the species with higher molecular mass correspond to aggregates of the ones with lower molecular mass. Another option is that the species with lower molecular mass could be hydrolysis products with enzymatic activity.
In summary, this is the first time that UroD from C. kessleri (Trebouxiophyceae, Chlorophyta) has been isolated and characterized. Results show that chlorophyll levels are parallel to UroD activity, 7 COOH intermediate decarboxylation is the rate-limiting step, and a single enzyme catalyzes both Urogen III decarboxylation stages. UroD from C. kessleri may represent a dimer of approximately 90 kDa formed by species of lower molecular mass, which conserves enzymatic activity. Nevertheless, further studies need to be performed to support this hypothesis.
